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Abstrat: The axino is a promising andidate for dark matter in the Universe. It is
eletrially and olor neutral, very weakly interating, and ould be|as assumed in this
study|the lightest supersymmetri partile, whih is stable for unbroken R-parity. In
supersymmetri extensions of the standard model, in whih the strong CP problem is solved
via the Peei-Quinn mehanism, the axino arises naturally as the fermioni superpartner
of the axion. We ompute the thermal prodution rate of axinos in supersymmetri QCD.
Using hard thermal loop resummation, we obtain a nite result in a gauge-invariant way,
whih takes into aount Debye sreening in the hot quark-gluon-squark-gluino plasma.
The reli axino abundane from thermal satterings after ination is evaluated. We nd
that thermally produed axinos ould provide the dominant part of old dark matter, for
example, for an axino mass ofm
~a
 100 keV and a reheating temperature of T
R
 10
6
GeV.
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1. Introdution
The strong CP problem and the hierarhy problem motivate symmetries and partiles
beyond the standard model of partile physis. The strong CP problem an be solved
naturally by implementing the Peei-Quinn (PQ) mehanism [1℄. An additional global
U(1) symmetry referred to as PQ symmetry broken spontaneously at the PQ sale [2, 3℄
f
a
& 510
9
GeV an explain the smallness (vanishing) of the CP violating -vauum term
in quantum hromodynamis (QCD). The pseudo Nambu-Goldstone boson assoiated with
this spontaneous symmetry breaking is the axion [4℄, whih has not yet been deteted. The
hierarhy problem is solved in an elegant way by imposing supersymmetry (SUSY) being
softly broken at least up to energies aessible in present day aelerator experiments; f. [5℄
and referenes therein. In this way, one an explain the stability of the eletroweak (EW)
sale against radiative orretions and at the same time why none of the new partiles
arising from supersymmetri extensions of the standard model has been deteted so far.
If the standard model supplemented by the PQ mehanism is supersymmetrized [6, 7℄, in
addition to the axion its superpartners|the axino and the saxion|arise, whih are not
part of the standard spetrum of the minimally supersymmetri standard model (MSSM).
Our fous here is on axinos and their osmologial impliations.
1
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The saxion an also have important osmologial impliations [8℄. Its deays ould, for example, lead
to signiant entropy prodution reheating the Universe. However, we assume in this study that the saxion
mass is suh that saxion eets are negligible.
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A key problem in osmology is the understanding of the nature of old dark matter in
the Universe. With (basially) onsistent evidene from dynamis of galaxies and galaxy
lusters, gravitational lensing of bakground galaxies by (super-)lusters of galaxies, in-
sights into the formation and power spetrum of large-sale strutures, and the analysis of
the anisotropies in the osmi mirowave bakground (CMB), we believe today that about
22% of the energy density in the Universe resides in old non-baryoni dark matter [9, 10℄.
This refers to matter that interats gravitationally, is eletrially and olor neutral, and
had non-relativisti veloities suÆiently long before the time of matter-radiation equality.
A prominent andidate for old dark matter is the lightest supersymmetri partile
(LSP) provided it is eletrially and olor neutral and stable on osmologial timesales.
The LSP is indeed stable if SUSY is realized with R-parity onservation. Depending on the
mehanism of SUSY breaking and the form of the superpotential, suh an LSP ould be,
for example, the neutralino, the gravitino, or|and this is the assumption in this work|
the axino. The axino is eletrially and olor neutral and ould have a mass suh that
it moves non-relativistially already long before the time of matter-radiation equality. As
its interations with the MSSM partiles are strongly suppressed by the PQ sale f
a
, the
axino is an extremely weakly interating massive partile. Moreover, as the LSP, the axino
destabilizes other R-odd SUSY partiles. This relaxes onstraints in the parameter spae
of SUSY models [11℄ and provides a solution [12℄ to the gravitino problem [13℄.
Can axinos provide the dominant part of old dark matter? Assuming the axino is
the LSP and stable due to R-parity onservation, the following three riteria are ruial
to answer this question: (i) Does the reli axino abundane math the observational data
on the abundane of old dark matter? (ii) Is the value of the axino mass large enough
to ensure axinos being suÆiently old (i.e. non-relativisti suÆiently long before matter-
radiation equality) so that the formation and power spetrum of large-sale strutures an
be explained? (iii) Does the abundane of the primordial light elements (D,
3
He,
4
He, Li)
remain unaeted by the prodution of axinos? This nuleosynthesis onstraint refers to
a potential inrease of the energy density at the time of primordial nuleosynthesis due to
the presene of axinos. Suh an inrease would aelerate the expansion of the Universe
and ause an earlier freeze out of speies. As a result, the ratio of protons to neutrons
would hange and aet the abundane of the light elements. In addition, late deays of
the next-to-lightest SUSY partile (NLSP) into axinos are dangerous sine aompanying
photons or hadroni showers from these NLSP deays ould destroy the light elements.
The three riteria above have already been addressed by Covi et al. [14℄ for axino
prodution in thermal and non-thermal proesses. However, the thermal prodution of
axinos has only been estimated in a gauge-dependent and uto-dependent framework [14℄.
In our study we onentrate on the omputation of the reli axino abundane from thermal
prodution in the early Universe. In partiular, we derive the thermal axino prodution rate
onsistently in leading order of the gauge oupling in a proper gauge-invariant treatment
within thermal eld theory. The axino mass is treated as a free parameter as it depends
strongly on the SUSY breaking mehanism and the form of the superpotential [15, 16, 17℄.
The nuleosynthesis onstraints onerning the NLSP deays have already been studied
thoroughly for two NLSP andidates, a bino-dominated lightest neutralino [18, 14℄ and the
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lighter stau [11℄. As the obtained onstraints depend very muh on the properties of the
NLSP|its omposition, its mass relative to the one of the axino, and its oupling to the
axino|we summarize only the general aspets of these onstraints.
The reli axino abundane depends on the osmi senario onsidered. We assume
that ination governed the earliest moments of the Universe; f. [19, 20, 21℄ and referenes
therein. Aordingly, any initial population of axinos was diluted away by the exponential
expansion during the slow-roll phase. The subsequent reheating phase leads to a Universe of
temperature T
R
. We ompute the axino abundane produed in thermal reations after the
reheating phase. We do not onsider non-thermal axino prodution mehanisms possibly
present during the reheating phase. Suh mehanisms are strongly model dependent as an
be seen from studies of gravitino prodution during inaton deays [22℄.
The relative importane of the various axino prodution mehanisms is governed by the
reheating temperature T
R
and the mass spetrum of the superpartiles. As the PQ symme-
try is restored at f
a
, we onsider only values of T
R
up to the PQ sale. Another important
sale is the temperature T
D
at whih axinos deouple from the thermal bath. Sine the
axino interations are suppressed by the PQ sale f
a
, the axinos deouple early, i.e. at high
temperatures. Rajagopal, Turner, and Wilzek [16℄ have estimated a deoupling temper-
ature of T
D
 10
9
GeV, whih is onsistent with our omputations. For T
R
> T
D
, there
has been an early phase in whih axinos were in thermal equilibrium with the thermal
bath. The axino number density is then given by the equilibrium number density of rel-
ativisti Majorana fermions while ontributions from other proesses are negligible. For
T
R
< T
D
, the axinos are out of thermal equilibrium so that the prodution mehanisms
have to be onsidered in detail. Suh dediated investigations have been performed by Covi
et al. [14, 23℄. In their studies it has been found that axino prodution in thermal reations
in the hot MSSM plasma governs the reli axino abundane for T
R
& 10
4
GeV. For smaller
reheating temperatures, axino prodution from deays of partiles out of equilibrium and,
in partiular, from NLSP deays is dominant, whose relative importane depends on the
masses of the partiles involved. Foussing here on axino prodution in thermal reations,
our results are relevant for f
a
> T
R
& 10
4
GeV.
The thermal prodution of axinos within SUSY QCD has been onsidered in [14℄. Four
of the ten prodution proesses are logarithmially singular due to the exhange of massless
gluons. In [14℄ these singularities have been regularized by introduing an eetive gluon
mass by hand. While this an be onsidered a reasonable rst step, the hard thermal
loop (HTL) resummation tehnique [24℄ together with the Braaten-Yuan presription [25℄
oers a more rigorous tool for dealing with suh situations. Using these tehniques, we
ompute the thermal prodution of axinos within SUSY QCD to leading order in the gauge
oupling. The analogous improvement in the omputation of thermal gravitino prodution
has lowered the orresponding yield by a fator of three [26℄.
The observational data on the abundane of old dark matter in the Universe [9, 10℄
imply an upper bound on the reli axino abundane. This in turn leads to an upper bound
on T
R
, whih depends on the axino mass. High values of T
R
seem to be mandatory, for
example, for the generation of the baryon asymmetry through thermal leptogenesis [27℄.
We will investigate if axino dark matter and thermal leptogenesis an oexist.
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The paper is organized as follows. In Se. 2 we review the properties of axions, sax-
ions, and axinos relevant for our investigation. In Se. 3 we ompute the thermal axino
prodution rate in SUSY QCD to leading order in the gauge oupling using the HTL-
resummed gluon propagator. The reli abundane of axinos from thermal prodution in
the early Universe is omputed in Se. 4. We disuss axino dark matter senarios and other
osmologial impliations of the obtained axino density in Se. 5. For ompleteness, the
HTL-resummed gluon propagator is provided in the Appendix.
2. The axino and its interations
In this setion we briey review the strong CP problem, the solution proposed by Peei
and Quinn, and the properties of the axion arising in realizations of this solution. The axino
and the saxion are obtained by supersymmetrizing axion models. We summarize the axino
and saxion properties relevant for our investigation. We disuss the axino interations
and provide the Lagrangian of those most relevant for our investigation. More detailed
disussions on axino properties an be found in [16, 14℄ and referenes therein.
The isosalar 
0
meson being too heavy to qualify as a pseudo-Goldstone boson of
a spontaneously broken axial U(1)
A
is the well-known U(1) problem of the strong inter-
ations. This problem has an elegant solution in QCD based on non-trivial topologial
properties [28℄. The 
0
meson mass an be understood as a onsequene of the Adler-Bell-
Jakiw anomaly [29℄ reeiving ontributions from gauge eld ongurations with non-zero
topologial harge suh as instantons [30℄. The existene of suh ongurations implies the
additional -vauum term in the QCD Lagrangian [28, 31℄
L

=  
g
2
32
2
G
a

~
G
a
; (2.1)
where g is the strong oupling andG
a

is the gluon eld strength tensor, whose dual is given
by
~
G
a

= 

G
a
=2. For any value of  6= n with n 2 Z, (2.1) violates the disrete
symmetries P, T, and CP. Suh violations have not been observed in strong interations
and experiments on the eletri dipole moment of the neutron give an upper bound of
jj < 10
 9
. Within QCD,  = 0 seems natural based on the observed onservation of the
disrete symmetries. However, one QCD is embedded in the standard model of strong
and eletroweak interations|with CP violation being experimental reality|the value of 
and the argument of the determinant of the quark mass matrix M|two a priori unrelated
quantities|must anel to an auray of 10
 9
in order to explain the experimental data:
j

j  j Arg detM j < 10
 9
: (2.2)
This is the strong CP problem (f. also [32℄ and referenes therein).
The elegant solution of the strong CP problem suggested by Peei and Quinn [1℄
requires to extend the Standard Model with an additional global hiral U(1) symmetry|
the PQ symmetry U(1)
PQ
|broken spontaneously at the PQ sale f
a
. The orresponding
pseudo Nambu-Goldstone boson is the axion a [4℄, whih ouples to gluons suh that the
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hiral anomaly in the U(1)
PQ
urrent is reprodued,
L
agg
=
a
f
a
=N
g
2
32
2
G
a

~
G
a
; (2.3)
where the olor anomaly N of the PQ symmetry depends on the axion model as disussed
below. This interation term (2.3) together with the vauum term (2.1) for  !

 =
 Arg detM provide the axion eld with an eetive potential V
e
at low energies. This
solves the strong CP problem as the oeÆient of the CP violating G
~
G term beomes
dynamial and vanishes for the value hai =  

f
a
=N at whih V
e
has its minimum.
Beause of the hiral U(1)
PQ
anomaly, the axion reeives a mass from QCD instanton
eets [33℄ reeting the urvature of the eetive axion potential V
e
at low energies
m
2
a
=
m
u
m
d
(m
u
+m
d
)
2

f

m

f
a
=N

2
; (2.4)
where m
u
(m
d
) is the mass of the up (down) quark and f

and m

are respetively the
deay onstant and mass of the pion. While the original PQ proposal [1℄ assumed f
a
to be
of the order of the Fermi sale, partile physis experiments, astrophysial observations,
and osmologial arguments provide phenomenologial limits that point to a signiantly
higher value of the PQ sale (f. [2, 3℄ and referenes therein)
f
a
=N & 5 10
9
GeV : (2.5)
Aordingly, the mass of the hypothetial axion must be very small, m
a
. 10
 2
eV. In
partiular, with the axion interations being strongly suppressed, the axion itself would be
suÆiently stable and invisible to provide the old dark matter in the Universe [34℄.
The two most popular lasses of phenomenologially viable axion models are the
hadroni or KSVZ axion models [35℄ and the DFSZ axion models [36℄. In the KSVZ
shemes at least one additional heavy quark is introdued whih ouples diretly to the ax-
ion while all other elds do not arry PQ harge. Thus, the axion interats with ordinary
matter through the anomaly term from loops of this new heavy quark. Integrating out
the heavy quark loops, one obtains the eetive dimension-5 oupling of axions to gluons
given in (2.3) with N = 1. In partiular, ouplings of the axion to standard model matter
elds (suh as the ouplings of the axion to the light quarks) are suppressed by additional
loop fators. In the DFSZ shemes no additional heavy quarks are introdued. Instead,
the standard model matter elds and two Higgs doublets arry appropriate PQ harges
suh that the axion also ouples diretly to the standard model quark elds. Again, at
low energies the axion-gluon-gluon interation (2.3) arises, but now with N = 6. For more
details on these axion models, we refer to the reviews [37℄.
By supersymmetrizing the standard model supplemented by the PQ mehanism, whih
is possible for both the KSVZ and DSFZ axion models, all elds are promoted to super-
multiplets [6, 7℄. In partiular, the axion is promoted to the axion hiral supermultiplet.
Aordingly, in addition to the ordinary MSSM partiles and the pseudo-salar (R = +1)
axion a, the salar (R = +1) saxion s and the spin-1/2 (R =  1) axino ~a appear in the
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partile spetrum. The axino is the fermioni partner of the axion and the saxion, and thus
an eletrially and olor neutral hiral Majorana fermion. At high energies at whih SUSY
is unbroken, the masses of the saxion, axion, and axino are degenerate. This hanges one
SUSY is broken. Being a salar, the saxion behaves as the other salar superpartners and
aquires a soft-mass term so that the saxion mass is of order of the soft SUSY breaking
salem
soft
= O(TeV). In ontrast, the mass of the axinom
~a
depends strongly on the hoie
of the superpotential and the SUSY-breaking sheme [15, 16, 17℄; f. also [14℄. Depending
on the model, m
~a
an range between the eV and the GeV sale. As mentioned in the Intro-
dution, we will assume that the axino is the LSP and stable due to R-parity onservation.
However, we will treat the preise value of the axino mass m
~a
as a free parameter beause
of its model dependene.
In this work we onentrate on the axino-gluino-gluon interations obtained from su-
persymmetrization of (2.3). They are given by the eetive dimension-5 interation term
L
~a~gg
= i
g
2
64
2
(f
a
=N)

~a 
5
[

; 

℄ ~g
a
G
a

; (2.6)
with the gluino ~g being the fermioni superpartner of the gluon and N being again the
number of quarks with PQ harge. This Lagrangian desribes the axino-gluino-gluon 3-
vertex and the axino-gluino-gluon-gluon 4-vertex used in our omputation of the thermal
axino prodution rate.
For the ouplings of axinos to the EW gauge bosons and their superpartners, addi-
tional model dependent oeÆients C
aY Y
and C
aWW
appear in front of the orresponding
dimension-5 operators. At high energies, at whih the leptons an be onsidered mass-
less, these interations an be rotated suh that C
aWW
= 0 [14℄. The remaining inter-
ation between the U(1)
Y
eld strength and the axion multiplet ontains, for example,
the axion-photon-photon vertex whih gives rise to the Primakov proess. However, the
orresponding axino interations with the hyperharge multiplet are subdominant om-
pared to those from (2.6) due to the smaller oeÆient g
2
Y
C
aY Y
(provided C
aY Y
is not
too large) and due to the fat that U(1)
Y
is Abelian whih implies a smaller number of
prodution hannels [14℄. In the KSVZ sheme, an eletri harge of the heavy quarks of
e
Q
= 0;  1=3; +2=3 gives C
aY Y
= 0; 2=3; 8=3 respetively.
In addition to the dimension-5 interations disussed above, there are (eetive) di-
mension-4 interations between the axion supermultiplet and the MSSM matter elds,
whih are more model dependent. In the KSVZ models, suh interations our only at
the two-loop level, i.e. at the one-loop level in the eetive theory, and thus are suppressed
by loop fators [23, 11℄. In the DSFZ models, the axino an mix with the other neutralinos
(through the oupling leading to the -term) and axino-matter interations an our
already at the tree level [38℄. Independently of the model, the mass dimension of the axino-
matter ouplings implies that ontributions to the axino yield from reations involving these
ouplings are suppressed by a fator of m=T at high temperatures, where m is the mass
of the orresponding matter eld. Indeed, for squark and gluino masses around the TeV
sale, the axino-quark-squark interation within the KSVZ sheme has been found to give
irrelevant ontributions to the axino yield for T
R
above the TeV sale [23℄.
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In summary, onentrating more on the KSVZ models, in whih the axino does not mix
with the neutralinos,
2
the axino-gluino-gluon interation (2.6) governs the thermal axino
prodution at high temperatures and the orresponding yield for the range of reheating
temperatures, f
a
=N > T
R
& 10
4
GeV, onsidered in this work. Here the other (more model
dependent) axino interations an be negleted as they are subdominant. Nevertheless,
these interations are ruial for the nuleosynthesis onstraints sine the dominant deay
hannels of a neutral (harged) NLSP into axinos involve the axino interations with the
hyperharge multiplet (matter elds) [23, 11℄; see also Se. 5.
3. Thermal axino prodution rate
In this setion we alulate the thermal prodution rate of axinos with energies E & T at
high temperatures from the axino-gluino-gluon interation (2.6) within SUSY QCD. We use
the HTL resummation [24℄ and the Braaten-Yuan presription [25℄ to treat divergenies due
to t-hannel or u-hannel exhange of soft gluons. This allows us to obtain the prodution
rate to leading order in the strong oupling in a gauge-invariant way without introduing
ad ho utos. The exhange of soft fermions does not lead to divergenies so that the use
of the HTL resummation is not neessary for soft gluino exhange. For hard axino energies,
E & T , there is also no need to onsider HTL-resummed axino-gluino-gluon verties.
For proesses involving t-hannel (u-hannel) gluon exhange, we follow the presrip-
tion of Braaten and Yuan [25℄. We introdue a momentum sale k
ut
suh that gT 
k
ut
 T in the weak oupling limit, g  1. This separates soft gluons with momentum
transfer of order gT from hard gluons with momentum transfer of order T . In the region
of soft momentum transfer, k < k
ut
, the HTL-resummed gluon propagator is used whih
takes into aount Debye sreening in the quark-gluon-squark-gluino plasma (QGSGP).
The orresponding soft ontribution to the axino prodution rate is obtained from the
imaginary part of the axino self-energy with the ultraviolet (UV) momentum uto k
ut
.
In the region of hard momentum transfer, k > k
ut
, the bare gluon propagator an be
used. The orresponding hard ontribution is then onveniently obtained from the matrix
elements of the 2 ! 2 sattering proesses with the infrared (IR) momentum uto k
ut
.
While both, the hard and soft ontribution, depend logarithmially on k
ut
, the sum of
both is independent of this artiial momentum sale. This sum gives the nite result
for the ontribution from proesses involving t-hannel (u-hannel) gluon exhange. The
remaining ontributions from proesses not involving t-hannel (u-hannel) gluon exhange
an be obtained from naive perturbation theory, whih is equivalent to setting k
ut
= 0.
3.1 Hard ontribution
The ten 2 ! 2 sattering proesses involving the axino-gluino-gluon interation (2.6) are
those shown in Fig. 3.1. The orresponding squared matrix elements are listed in Table 1.
Working in the high-temperature limit, T  m
i
, the masses of all partiles involved have
been negleted. Sums over initial and nal spins have been performed. For quarks and
2
In DFSZ models, the mixing of the axino with the other neutralinos an be non-negligible and aet
the thermal prodution of axinos.
{ 7 {
 A: g
a
+ g
b
! ~g

+ ~a
+
ga
gb gc
a
gc
+
ga
gb gc
a
ga +
ga
gb gc
a
gb
ga
gb gc
a
 B: g
a
+ ~g
b
! g

+ ~a (rossing of A)
 C: ~q
i
+ g
a
! ~q
j
+ ~a
qi
ga qj
a
ga
 D: g
a
+ q
i
! ~q
j
+ ~a (rossing of C)
 E:

~q
i
+ q
j
! g
a
+ ~a (rossing of C)
 F: ~g
a
+ ~g
b
! ~g

+ ~a
+
ga
gb gc
a
gc
+
ga
gb gc
a
ga
ga
gb gc
a
gb
 G: q
i
+ ~g
a
! q
j
+ ~a qi
ga qj
a
ga
 H: ~q
i
+ ~g
a
! ~q
j
+ ~a qi
ga qj
a
ga
 I: q
i
+ q
j
! ~g
a
+ ~a (rossing of G)
 J: ~q
i
+

~q
j
! ~g
a
+ ~a (rossing of H)
Figure 1: The 2! 2 proesses for axino prodution in SUSY QCD.
squarks the ontribution of a single hirality is given. The squared matrix elements are
expressed in terms of the Mandelstam variables
s = (P
1
+ P
2
)
2
and t = (P
1
  P
3
)
2
; (3.1)
where the partile four-momenta P
1
, P
2
, P
3
, and P refer to the partiles in the order in
{ 8 {
Table 1: Squared matrix elements for axino (~a) prodution in two-body proesses involving quarks
(q
i
), squarks (~q
i
), gluons (g
a
), and gluinos (~g
a
) in the high-temperature limit, T  m
i
. The results
are given for a single hirality of quarks and squarks, for the speied hoie of olors, and summed
over spins in the initial and nal state. f
ab
and T
a
ji
are the usual SU(3) olor matries.
proess i jM
i
j
2
=
g
6
128
4
(f
a
=N)
2
A g
a
+ g
b
! ~g

+ ~a 4(s+ 2t+ 2
t
2
s
)jf
ab
j
2
B g
a
+ ~g
b
! g

+ ~a  4(t+ 2s+ 2
s
2
t
)jf
ab
j
2
C ~q
i
+ g
a
! q
j
+ ~a 2sjT
a
ji
j
2
D g
a
+ q
i
! ~q
j
+ ~a  2tjT
a
ji
j
2
E

~q
i
+ q
j
! g
a
+ ~a  2tjT
a
ji
j
2
F ~g
a
+ ~g
b
! ~g

+ ~a  8
(s
2
+st+t
2
)
2
st(s+t)
jf
ab
j
2
G q
i
+ ~g
a
! q
j
+ ~a  4(s+
s
2
t
)jT
a
ji
j
2
H ~q
i
+ ~g
a
! ~q
j
+ ~a  2(
t
2
+ 2s+ 2
s
2
t
)jT
a
ji
j
2
I q
i
+ q
j
! ~g
a
+ ~a  4(t+
t
2
s
)jT
a
ji
j
2
J ~q
i
+

~q
j
! ~g
a
+ ~a 2(
s
2
+ 2t+ 2
t
2
s
)jT
a
ji
j
2
whih they are written down in the olumn \proess i" of Table 1. To ompute the hard
ontribution to the thermal axino prodution rate, we divide the ten proesses into three
lasses depending on the number of bosons and fermions in initial and nal state involved
in addition to the axino: A, C, and J are BBF proesses with two bosons in the initial and
a fermion in the nal state; orrespondingly, B, D, E, and H are BFB proesses, and F, G,
and I are FFF proesses. Only the proesses B, F, G, and H involve the exhange of a gluon
in the t-hannel (u-hannel) and therefore ontribute to the logarithmi uto dependene.
Denoting the axino prodution rate per unit volume by  
~a
, the hard ontribution to the
axino prodution rate an be written as follows (f. [39, 40℄),
d 
~a
d
3
p




hard
=
1
(2)
3
2E
Z
"
3
Y
i=1
d
3
p
i
(2)
3
2E
i
#
(2)
4
Æ
4
(P
1
+ P
2
  P   P
3
)

 
f
BBF
jM
BBF
j
2
+ f
BFB
jM
BFB
j
2
+ f
FFF
jM
FFF
j
2

(jp
1
  p
3
j   k
ut
) : (3.2)
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Here f
BBF
, f
BFB
, and f
FFF
are the produts of the orresponding phase spae densities,
f
BBF
= f
B
(E
1
)f
B
(E
2
)[1  f
F
(E
3
)℄ ; (3.3)
f
BFB
= f
B
(E
1
)f
F
(E
2
)[1 + f
B
(E
3
)℄ ; (3.4)
f
FFF
= f
F
(E
1
)f
F
(E
2
)[1  f
F
(E
3
)℄ ; (3.5)
with
f
B(F )
(E
i
) =
1
exp(E
i
=T ) 1
(3.6)
sine the quarks, gluons, squarks, and gluinos are in thermal equilibrium. The sums of
the orresponding squared matrix elements (f. Table 1) weighted with the appropriate
multipliities and statistial fators read
jM
BBF
j
2
=
g
6
(N
2

  1)
64
4
(f
a
=N)
2

s+ 2t+
2t
2
s

(N

+ n
f
) +
3
2
s n
f

; (3.7)
jM
BFB
j
2
=
g
6
(N
2

  1)
32
4
(f
a
=N)
2

 t  2s 
2s
2
t

(N

+ n
f
) 
3
2
t n
f

; (3.8)
jM
FFF
j
2
=
g
6
(N
2

  1)
32
4
(f
a
=N)
2

 t 2s 
s
2
t
+
s
2
t+ s
 
t
2
s

(N

+n
f
) 

s
2
t
+
s
2
t+ s

n
f

; (3.9)
where N

is the number of olors and n
f
is the number of olor triplet and anti-triplet
hiral multiplets.
Sine s =  t  u, one an write s+ 2t = t  u and

s
2
t
+
s
2
s+ t
= 
s
2
t
 
s
2
u
: (3.10)
The dierene t   u and 1=t   1=u is odd under exhanging P
1
and P
2
. If the remaining
integrand and the measure is even under this transformation, the integral over suh terms
will be zero. Therefore, the ontribution of s+2t in jM
BBF
j
2
will give zero. Moreover, we
an substitute s by  2t in jM
BBF
j
2
and use the replaements
s
2
t
+
s
2
s+ t
! 0;  
s
2
t
+
s
2
s+ t
!  
2s
2
t
(3.11)
in jM
FFF
j
2
. Aordingly,
jM
BBF
j
2
!
g
6
(N
2

  1)
32
4
(f
a
=N)
2

jM
3
j
3
(N

+ n
f
) 
3
2
jM
2
j
2
n
f

; (3.12)
jM
BFB
j
2
=
g
6
(N
2

  1)
32
4
(f
a
=N)
2

jM
1
j
2
(N

+ n
f
) 
3
2
jM
2
j
2
n
f

; (3.13)
jM
FFF
j
2
!
g
6
(N
2

  1)
32
4
(f
a
=N)
2
 
jM
1
j
2
  jM
3
j
2

(N

+ n
f
) ; (3.14)
with
jM
1
j
2
=  t  2s 
2s
2
t
; (3.15)
jM
2
j
2
= t; (3.16)
jM
3
j
2
=
t
2
s
: (3.17)
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Only jM
1
j
2
ontributes to the logarithmi uto dependene, while the other two squared
matrix elements, jM
2
j
2
and jM
3
j
2
, give nite ontributions even for k
ut
= 0. The loga-
rithmi dependene on k
ut
an be extrated analytially by a partial integration. In the
remaining part, k
ut
an be set to zero. Using the methods desribed in detail in [26℄, one
obtains the following result for the hard ontribution to the axino prodution rate
d 
~a
d
3
p




hard
=
g
6
(N
2

  1)
32
4
(f
a
=N)
2
"
(N

+ n
f
)

(
T
3
f
F
(E)
128
4

ln

2
1=3
T
k
ut

+
11
4
   +

0
(2)
(2)
+
Li
2
 
 e
 E=T

2
2

+ I
jM
1
j
2
partial
BFB
+ I
jM
1
j
2
partial
FFF
+ I
jM
3
j
2
BBF
  I
jM
3
j
2
FFF
)
 
3
2
n
f

I
jM
2
j
2
BBF
+ I
jM
2
j
2
BFB

#
(3.18)
where  = 0:57722 is Euler's onstant, (z) is Riemann's zeta funtion with 
0
(2)=(2) =
 0:56996, Li
2
(x) is the dilogarithm
Li
2
(x) =  
Z
x
0
dt
ln(1  t)
t
; (3.19)
and the following integrals appear, whih an be evaluated numerially:
I
jM
1
j
2
partial
BFB
=
1
256
6
E
2
Z
1
0
dE
3
Z
E+E
3
0
dE
1
ln

jE
1
 E
3
j
E
3

f
BFB

(
(E  E
1
)

2E
1
E
2
2
  2E
2
1
E
2
  (E
2
1
E
2
2
 E
2
3
E
2
)
f
B
(E
1
) + f
F
(E
2
)
T

 (E
1
 E
3
)

2E
1
E
2
2
  2(E
2
1
+E
2
3
)E
2
 E
2
2
(E
2
1
+E
2
3
)
f
B
(E
1
) + f
F
(E
2
)
T

+(E
3
 E
1
)

2E
1
E
2
 E
2
(E
2
1
+E
2
3
)
f
B
(E
1
) + f
F
(E
2
)
T

)
; (3.20)
I
jM
1
j
2
partial
FFF
=
1
256
6
E
2
Z
1
0
dE
3
Z
E+E
3
0
dE
1
ln

jE
1
 E
3
j
E
3

f
FFF

(
(E  E
1
)

2E
1
E
2
2
  2E
2
1
E
2
+
 
E
2
1
E
2
2
 E
2
3
E
2

f
F
(E
1
)  f
F
(E
2
)
T

 (E
1
 E
3
)

2E
1
E
2
2
  2(E
2
1
+E
2
3
)E
2
+E
2
2
(E
2
1
+E
2
3
)
f
F
(E
1
)  f
F
(E
2
)
T

+(E
3
 E
1
)

2E
1
E
2
+E
2
(E
2
1
+E
2
3
)
f
F
(E
1
)  f
F
(E
2
)
T

)
; (3.21)
I
jM
3
j
2
BBF (FFF )
=
1
(2)
3
2E
Z
"
3
Y
i=1
d
3
p
i
(2)
3
2E
i
#
(2)
4
Æ
4
(P
1
+ P
2
  P   P
3
)f
BBF (FFF )
jM
3
j
2
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a a
g
g
Figure 2: The leading ontribution to the axino self-energy for soft gluon momentum transfer and
hard axino energy. The blob on the gluon line denotes the HTL-resummed gluon propagator.
=
1
256
6
E
2
Z
1
0
dE
3
Z
E+E
3
0
dE
2
f
BBF (FFF )
(
E
2
2
E
2
E +E
3
+(E
2
 E
3
) (E
3
 E
2
) [E
3
(E
3
 E
2
) +E(E
3
+E
2
)℄
)
; (3.22)
and
I
jM
2
j
2
BBF (BFB)
=
1
(2)
3
2E
Z
"
3
Y
i=1
d
3
p
i
(2)
3
2E
i
#
(2)
4
Æ
4
(P
1
+ P
2
  P   P
3
)f
BBF (BFB)
jM
2
j
2
=
1
768
6
E
2
Z
1
0
dE
3
Z
E+E
3
0
dE
1
f
BBF (BFB)

(
(E  E
1
) (E  E
1
)

2E
2
+ (3E
3
 E
1
)(E +E
1
)

 (E
1
 E
3
)E
2
2
(2E  E
3
+E
1
)
+(E
3
 E
1
) ( 3E
3
+ 3E
1
  2E)E
2
)
: (3.23)
Here it is understood that E
2
= E + E
3
  E
1
in (3.20), (3.21), and the seond expression
in (3.23), while E
1
= E +E
3
 E
2
in (3.22).
3.2 Soft ontribution
We now turn to the ontribution from proesses involving the exhange of a soft gluon. We
ompute this soft ontribution to the thermal axino prodution rate from the imaginary
part of the thermal axino self-energy [39, 40℄
d 
~a
d
3
p




soft
=  
1
(2)
3
E
f
F
(E) Im(E + i;p)j
k<k
ut
: (3.24)
Conentrating again on the axino-gluino-gluon interation, the leading order ontribution
to Im for soft gluon momentum transfer k < k
ut
and hard axino energy E & T omes
from the Feynman diagram shown in Fig. 2. As the gluon momentum transfer is soft,
{ 12 {
the eetive HTL-resummed gluon propagator|indiated by the blob in Fig. 2|has to be
used [41, 42℄; see also Appendix A. As the hard momentum of the axino ows through the
gluino line, there is no need to use a HTL-resummed gluino propagator in the omputation
of the leading order result.
The eetive HTL-resummed gluon propagator takes into aount medium eets in
the QGSGP suh as Debye sreening in the stati limit [40℄. In partiular, the Debye
sreening length 
D
denes the thermal gluon mass, m
g
= (
p
3
D
)
 1
. The supersymmetri
thermal gluon mass for N

olors and n
f
olor triplet and anti-triplet hiral multiplets reads
m
g
= gT
r
N

+ n
f
6
: (3.25)
It is derived from the gluon self-energy tensor at nite temperature by taking into aount
the ontributions from gluons, gluinos, quarks, and squarks.
The alulation of the soft ontribution to the thermal axino prodution rate is om-
pletely analogous to the axion and gravitino ase disussed in detail in [26℄: Using the
HTL-resummed gluon propagator with the supersymmetri thermal gluon mass (3.25),
the axino self-energy an be evaluated in the imaginary-time formalism for disrete imag-
inary axino energies p
0
= 2inT . Here spetral representations for the propagators an
be introdued. Then the sum over the disrete imaginary values of the loop energy k
0
is
performed. After the analyti ontinuation of the axino self-energy funtion (P ) from the
disrete imaginary values p
0
to the ontinuous real axino energy E [39℄, the imaginary part
of (E + i;p) redues to an integral over the momentum k and the spetral parameter
! of the soft gluon. Aordingly, the soft ontribution to the thermal axino prodution
rate (3.24) redues to the following expression in the high-temperature limit, T  m
~q
;m
~g
,
d 
~a
d
3
p




soft
= f
F
(E)
g
4
(N
2

  1)T
2048
8
(f
a
=N)
2

Z
k
ut
0
dkk
3
Z
k
 k
d!
!
"

L
(!; k)

1 
!
2
k
2

+ 
T
(!; k)

1 
!
2
k
2

2
#
; (3.26)
where f
B
(!) ' T=! has been used as ! is of order gT . For j!j < k, the spetral densities

T=L
are given by [43℄

T
(!; k) =
3
4m
2
g
x
(1  x
2
) f[A
T
(x)℄
2
+ [z +B
T
(x)℄
2
g
;

L
(!; k) =
3
4m
2
g
2x
[A
L
(x)℄
2
+ [z +B
L
(x)℄
2
; (3.27)
where x = !=k, z = k
2
=m
2
g
, and
A
T
(x) =
3
4
x; B
T
(x) =
3
4

2
x
2
1  x
2
+ x ln
1 + x
1  x

;
A
L
(x) =
3
2
x; B
L
(x) =
3
2

2  x ln
1 + x
1  x

: (3.28)
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Normalized Thermal Axino Prodution Rate
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~
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=
T
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6
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Figure 3: The normalized thermal axino prodution rate 1= 
~a
d 
~a
=d(E=T ) as a funtion of E=T
for N

= 3, n
f
= 6, and temperatures of T = 10
6
GeV (dotted line), T = 10
7
GeV (dash-dotted
line), T = 10
8
GeV (dashed line), and T = 10
9
GeV (solid line). The results are obtained from (3.30)
derived for axino energies E & T .
For ompleteness, the relation between the spetral densities and the HTL-resummed gluon
propagator is given in Appendix A.
Evaluating the integrals as disussed in [25℄, one nds
d 
~a
d
3
p




soft
= f
F
(E)
3g
4
(N
2

  1)m
2
g
T
4096
8
(f
a
=N)
2

ln

k
2
ut
m
2
g

  1:379

: (3.29)
Here the soft singularity is reeted by the logarithm ln(k
2
ut
=m
2
g
).
3.3 Total thermal prodution rate
In the sum of the soft and hard ontributions the dependene on the unphysial uto k
ut
anels and a nite leading order rate is obtained for the prodution of axinos with E & T :
d 
~a
d
3
p
=
d 
~a
d
3
p




soft
+
d 
~a
d
3
p




hard
: (3.30)
To illustrate this result, we show in Fig. 3 the normalized distribution 1= 
~a
d 
~a
=d(E=T ) for
N

= 3, n
f
= 6, and temperatures of T = 10
6
GeV, 10
7
GeV, 10
8
GeV, and 10
9
GeV. For
{ 14 {
E . T , we expet modiations as our omputation is restrited to the thermal prodution
of hard (E & T ) axinos. The strong oupling is evaluated at the sale T taking into aount
the one-loop evolution desribed by the renormalization group equation in the MSSM.
Using as input the value of the strong oupling at the Z-boson mass, g
2
(M
Z
)=(4) = 0:118,
the running oupling reads
g(T ) =

g
 2
(M
Z
) +
3
8
2
ln

T
M
Z

 1=2
; (3.31)
whih gives, for example, g(T =10
6
GeV) = 0:986 and g(T =10
9
GeV) = 0:880. For small
values of E=T . 2, the prodution rate turns negative exept for very high temperatures.
This unphysial result is due to the extrapolation from the region g  1 to g  1. Suh
problems have already been enountered in early appliations of the HTL-resummation
tehnique studying, for example, the energy loss of a heavy quark in the quark-gluon
plasma [44, 45℄. The presription of Braaten and Yuan disards positive ontributions,
namely terms in the soft part that do not diverge in the limit k
ut
!1 and terms in the
hard part that do not diverge in the limit k
ut
! 0. These terms have to be negleted in
the ase g  1 to obtain a onsistent leading order result in g. For large values of E=T , the
Braaten-Yuan method leads to a meaningful result for the energy distribution even though
the oupling is lose to one. As disussed in detail in the next setion, for T
R
. T
D
, the
axino abundane is omputed from the integrated prodution rate
 
~a
(T ) =
Z
1
0
d(E=T )
d 
~a
d(E=T )
=
Z
d
3
p
d 
~a
d
3
p
: (3.32)
This quantity is positive down to temperatures of about 5  10
3
GeV. At T = 10
6
GeV
(10
7
GeV), the ontribution to  
~a
from axino energies that give an unphysial rate is about
17% (6%), i.e. hard axinos dominate. Therefore, we will use our result for  
~a
also for rather
small values of T  10
4
GeV, keeping in mind that the predition beomes less reliable for
smaller values of T . An improved alulation of the thermal axino prodution rate would
require a areful treatment of axinos with E . T within thermal eld theory.
4. Reli axino abundane
In this setion we ompute the reli abundane of axinos from thermal prodution after
ompletion of the reheating phase of ination. We work in the senario in whih the axino is
the LSP and stable due to R-parity onservation. As already disussed in the Introdution,
we assume that any initial population of axinos has been diluted away by the exponential
expansion during the slow-roll phase of ination. Only values of the reheating temperature
T
R
up to the PQ sale f
a
=N are onsidered so that eets from the restoration of the
PQ symmetry do not have to be taken into aount.
The axino interations are strongly suppressed by the PQ sale f
a
=N & 5  10
9
GeV;
f. (2.6). Nevertheless, the axinos are in thermal equilibrium for temperatures above
a deoupling temperature of T
D
 10
9
GeV as estimated by Rajagopal, Turner, and
{ 15 {
Wilzek [16℄. Being highly relativisti at suh temperatures, the axino number density
is given by the equilibrium number density of a relativisti Majorana fermion [19℄
n
eq
~a
= 3(3)T
3
=(2
2
) ; (4.1)
where (3)  1:2021. The axinos deouple from the thermal bath when their interation
rate is approximately equal to the expansion rate of Universe. At high temperatures, this
expansion rate is given by the Hubble parameter for the radiation dominated epoh
H(T ) =
r
g

(T )
2
90
T
2
M
Pl
; (4.2)
where M
Pl
= 2:4  10
18
GeV is the redued Plank mass. In the MSSM, the number of
eetively massless degrees of freedom being in thermal equilibrium with the primordial
plasma at the axino deoupling temperature is g

(T
D
) = 915=4 = 228:75. This value relies
on the assumption of the soft SUSY breaking salem
soft
being signiantly below the axino
deoupling temperature. Dividing the axino number density n
~a
by the entropy density
s(T ) =
2
2
45
g
S
(T )T
3
(4.3)
with g
S
(T )  g

(T ) in the radiation dominated epoh, the axino abundane an be ex-
pressed onveniently in terms of the yield
Y
~a

n
~a
s
; (4.4)
whih sales out the eet of the expansion of the Universe. For a reheating temperature
above the deoupling temperature, T
R
& T
D
, the axino yield is governed by the equilibrium
number density (4.1) and thus independent of the reheating temperature
Y
eq
~a

n
eq
~a
s
 1:8 10
 3
: (4.5)
The ontributions from axino prodution and annihilation proesses at smaller tempera-
tures are negligible. Using h (= 0:71  0:06 [3, 9℄) to parametrize the Hubble onstant
H
0
= 100h km/se/Mp, the axino density parameter


~a
h
2
= 
~a
h
2
=

= m
~a
n
~a
h
2
=

= m
~a
Y
~a
s(T
0
)h
2
=

(4.6)
an be obtained diretly from (4.5)


eq
~a
h
2

m
~a
2 keV
: (4.7)
Here 

=[s(T
0
)h
2
℄ = 3:6  10
 9
GeV has been used based on the following values for the
ritial density, the present temperature, and the present number of eetively massless
degrees of freedom, respetively,


=h
2
= 8:1 10
 47
GeV
4
; (4.8)
T
0
= 2:73K  2:35  10
 13
GeV ; (4.9)
g
S
(T
0
) = 3:91 : (4.10)
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For a reheating temperature suÆiently below the deoupling temperature, T
R
< T
D
,
the axinos are far from being in thermal equilibrium. Thus, the phase spae density of
axinos f
~a
is negligible in omparison to the phase spae densities of the partiles in thermal
equilibrium. In partiular, with the axino number density n
~a
being muh smaller than the
photon number density n

, the evolution of n
~a
with osmi time t an be desribed by the
Boltzmann equation
dn
~a
dt
+ 3Hn
~a
= C
~a
: (4.11)
The seond term on the left-hand side of (4.11) aounts for the dilution of the axinos
due to the expansion of the Universe desribed by the Hubble parameter H. The ollision
term C
~a
desribes both the prodution and disappearane of axinos in thermal reations
within the primordial plasma. We an neglet the term for the axino disappearane as
it is proportional to f
~a
. With the term for the axino prodution being proportional to
(1   f
~a
)  1, the ollision term beomes independent of the axino number density. By
numerial integration|f. (3.32)|of the thermal axino prodution rate (3.30) omputed
in the previous setion, we then obtain the following result for the ollision term
C
~a
(T )



T
R
<T
D
  
~a
(T ) =
(N
2

  1)
(f
a
=N)
2
3(3)g
6
T
6
4096
7
"
ln

1:380T
2
m
2
g

(N

+ n
f
) + 0:4336n
f
#
:
(4.12)
This result allows us to alulate the axino abundane from thermal SUSY QCD proesses
to leading order in the gauge oupling g, ontrary to previous estimates, whih depend on
an unknown sale of the logarithmi term [14℄.
The Boltzmann equation an now be solved analytially using standard arguments [19℄.
Assuming the onservation of entropy per omoving volume, sR
3
= onst., where R is the
sale fator of the Universe, the Boltzmann equation (4.11) an be rewritten in terms of
the yield
d
dt
Y
~a
=
C
~a
s
: (4.13)
As the thermal axino prodution proeeds basially during the hot radiation dominated
epoh, i.e. at temperatures above the one at matter-radiation equality (T
mat=rad
), we an
hange variables from osmi time to temperature, dt =  dT=[H(T )T ℄, with H(T ) given
in (4.2). After separating variables, the Boltzmann equation (4.13) an be integrated. The
resulting axino yield at the present temperature of the Universe T
0
is given by
Y
~a
(T
0
)  Y
~a
(T
mat=rad
)  Y
~a
(T
R
) =
Z
T
R
T
mat=rad
dT
C
~a
(T )
Ts(T )H(T )
; (4.14)
where Y
~a
(T
R
) = 0 as we onsider only axino prodution after the ompletion of the reheat-
ing phase. Sine the fator T
6
in the ollision term (4.12) anels against a orresponding
fator in the denominator of the integrand in (4.14), we an neglet the temperature de-
pendene for the integration and nd
Y
~a
(T
0
) 
C
~a
(T
R
)
s(T
R
)H(T
R
)
= 2:0  10
 7
g
6
ln

1:108
g

10
11
GeV
f
a
=N

2

T
R
10
4
GeV

; (4.15)
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where we have used N

= 3, n
f
= 6, and g
S
(T
R
) = 228:75. Inserting (4.15) into (4.6), the
orresponding axino density parameter is obtained


~a
h
2
= 5:5 g
6
ln

1:108
g

m
~a
0:1GeV

10
11
GeV
f
a
=N

2

T
R
10
4
GeV

: (4.16)
The yield (4.15) and the density parameter (4.16) beome negative for values of the strong
oupling g & 1:11. This is not surprising sine, as already mentioned in Se. 3.3, the
HTL resummation requires the separation of sales gT  T whih implies g  1. By
using (4.15) and (4.16) with the running strong oupling g(T
R
) given in (3.31), we nd that
our result for the reli axino abundane an only be meaningful for T
R
& 10
4
GeV. Towards
lower values of the reheating temperature, the eet of higher orders will beome more
important. Moreover, also the nite masses of the partiles and axino prodution by gluino
deay annot be negleted for reheating temperatures towards 10
4
GeV. In partiular, the
number of eetive relativisti degrees of freedom g
S
(T
R
) beomes smaller for a reheating
temperature lose to the soft SUSY breaking sale m
soft
. Sine g
S
(T
R
) = 106:75 if only
the full set of partiles in the minimal standard model ontributes to the relativisti degrees
of freedom, the redution of the eetively massless degrees of freedom ould enhane the
yield at most by about a fator of two.
In Fig. 4 our result (4.15) for the axino yield Y
~a
is illustrated as a funtion of the
reheating temperature T
R
for a PQ sale of f
a
=N = 10
10
GeV (dash-dotted line), 10
11
GeV
(solid line), and 10
12
GeV (dashed line). Here the 1-loop running of the strong oupling
in the MSSM (3.31) is taken into aount by replaing g with g(T
R
) in (4.15). The yield
obtained with the HTL-resummation tehnique is about one order of magnitude below the
one reported in Ref. [14℄, whih was obtained by regularizing the IR singularities by putting
in by hand an eetive gluon mass m
e
= gT . In ontrast, the simple estimates of Asaka
and Yanagida [12℄ agree amazingly well with our result. As the yield (4.15) approahes the
equilibrium value Y
eq
~a
given in (4.5), the axino disappearane proesses should be taken
into aount. This would lead to a smooth approah of the non-equilibrium yield to the
equilibrium abundane. Without the bakreations taken into aount, the kink position
indiates a lower bound for the orresponding axino deoupling temperature T
D
, whih
agrees with the estimate of T
D
in [16℄. For example, for f
a
=N = 10
11
GeV, we nd that
the axino deoupling temperature is at least 10
9
GeV. Towards reheating temperatures
of 10
4
GeV, we have to stress again that the unertainty in the yield inreases due to the
theoretial unertainties in the thermal prodution rate disussed in Se. 3.3.
In Fig. 5 our result (4.16) for the reli axino density 

~a
h
2
is illustrated as a funtion
of the reheating temperature T
R
for a PQ sale of f
a
=N = 10
11
GeV and an axino mass
of m
~a
= 1keV (dotted line), 100 keV (dashed line), and 10MeV (solid line). The 1-loop
running of the strong oupling in the MSSM (3.31) is again taken into aount by repla-
ing g with g(T
R
) in (4.16). For a reheating temperature T
R
above the axino deoupling
temperature T
D
of about 10
9
GeV, the reli axino density (4.7) is independent of T
R
due
to the thermal equilibrium as shown for m
~a
= 1keV by the horizontal line. Again there
will be a smooth transition instead of a kink one the axino disappearane proesses are
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Figure 4: The axino yield, Y
~a
= n
~a
=s, from thermal prodution in the QGSGP as a funtion of
the reheating temperature T
R
for a PQ sale of f
a
=N = 10
10
GeV (dash-dotted line), 10
11
GeV
(solid line), and 10
12
GeV (dashed line). For T
R
above the axino deoupling temperature T
D
, the
axinos have been in thermal equilibrium with the primordial plasma. The resulting yield Y
eq
~a
is
independent of T
R
as indiated by the dotted line.
taken into aount. The grey band in Fig. 5 indiates the WMAP result on the old dark
matter density (2 error) 

WMAP
CDM
h
2
= 0:113
+0:016
 0:018
[9℄.
5. Axino dark matter
In this setion we study the osmologial impliations of the reli axino abundane om-
puted in the previous setion. The possibility of axinos forming a dominant part of old
dark matter is disussed. We also address briey the nuleosynthesis onstraints taking
into aount results from reent studies of potential NLSP deays [18, 14, 11℄.
If axinos are stable, they ontribute to the present mass density of dark matter in
the Universe. For the orresponding reli axino abundane from thermal prodution after
ompletion of the reheating phase of ination, we have obtained the results (4.7) and (4.16)
illustrated in Fig. 5. Aordingly, the amount of axino dark matter depends on the axino
mass m
~a
and the reheating temperature T
R
one the PQ sale f
a
=N is xed. As one
{ 19 {
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Figure 5: The axino density parameter 

~a
h
2
as a funtion of the reheating temperature T
R
for a
PQ sale of f
a
=N = 10
11
GeV and an axino mass ofm
~a
= 1keV (dotted line), 100 keV (dashed line),
and 10MeV (solid line). For T
R
above the axino deoupling temperature T
D
of about 10
9
GeV, the
axinos have been in thermal equilibrium with the primordial plasma. The resulting density 

eq
~a
h
2
is independent of T
R
as shown for m
~a
= 1keV. The grey band indiates the WMAP result on the
old dark matter density (2 error) 

WMAP
CDM
h
2
= 0:113
+0:016
 0:018
[9℄.
an see in Fig. 5, there are ertain ombinations of m
~a
and T
R
for whih the reli axino
abundane agrees with the WMAP result on the old dark matter density. Thus, as far as
the abundane is onerned, axinos ould provide the dominant part of dark matter.
The next question is whether axino dark matter from thermal prodution is suÆiently
old (i.e. non-relativisti suÆiently long before matter-radiation equality) in order to ex-
plain the formation and power spetrum of large-sale strutures and the early reionization
observed by the WMAP satellite. For reheating temperatures T
R
below the axino deou-
pling temperature T
D
, axinos are not in thermal equilibrium. However, as the thermal
prodution proeeds (by denition) through reations of partiles in thermal equilibrium,
the axinos are produed in kineti equilibrium with the thermal plasma, i.e. the axino
prodution rate shows basially a thermal spetrum (f. Se. 3.3). In partiular, the axi-
nos beome non-relativisti when the temperature of the QGSGP is of order of the axino
{ 20 {
mass, T  m
~a
. We thus an adopt also for T
R
. T
D
the dark matter lassiation used
for partiles with thermal spetrum, where only the mass of the dark matter partile is
relevant to deide whether the dark matter is old, warm, or hot. For an axino mass in
the range m
~a
. 1 keV, 1 keV . m
~a
. 100 keV, and m
~a
& 100 keV, we refer to hot, warm,
and old axino dark matter, respetively. This lassiation an be regarded only as an
approximate guideline. In the literature, for example, also partiles with masses of about
0:2 keV have been onsidered as warm dark matter [46℄. For our investigation, an impor-
tant bound results from simulations of early struture formation, whih show that dark
matter of partiles with mass m
x
. 10 keV annot explain the early reionization observed
by the WMAP satellite; f. [47℄ and referenes therein.
Assuming a PQ sale of f
a
=N = 10
11
GeV, Fig. 5 shows that thermally produed
axinos ould provide the dominant part of old dark matter for a reheating temperature
of T
R
. 10
6
GeV. For a higher reheating temperature, the mass of the LSP axino has to
be smaller. Otherwise, the reli axino abundane would exeed the WMAP result for the
reli dark matter abundane. Aording to our lassiation, axinos would be warm dark
matter up to a reheating temperature of about 10
8
GeV and hot dark matter beyond this
value. For an axino mass of m
~a
. 10 keV or a reheating temperature of T
R
& 10
7
GeV, the
simulations mentioned above [47℄ tell us that an additional amount of older dark matter
is needed to explain the strutures required for the early reionization of the Universe.
Let us now disuss the onstraint onerning a potential inrease of the energy density
at the time of primordial nuleosynthesis. The prodution of energeti axinos shortly before
nuleosynthesis ould lead to suh an inrease [14℄, whih would speed up the expansion
of the Universe. As already mentioned in the Introdution, the resulting earlier freeze out
of speies would then hange the ratio of protons to neutrons and thus the abundane
of the light elements (D,
3
He,
4
He, Li). Conentrating on reheating temperatures T
R
&
10
4
GeV, the signiant amount of axinos is produed thermally at T
R
and thus long
before nuleosynthesis, whih takes plae around T = 1MeV. For m
~a
& 1MeV, the
axinos are non-relativisti at the time of primordial nuleosynthesis. Aordingly, their
ontribution to the energy density beomes important only at matter-radiation equality.
For m
~a
. 1MeV, the axinos are still relativisti at T  1MeV. As their spetrum follows
basially a thermal distribution also for T
R
< T
D
, their energy density an be approximated
by 
~a
 7
2
T
4
~a
=120, where the eetive axino temperature T
~a
at the time of primordial
nuleosynthesis (BBN) is muh lower than the orresponding neutrino temperature,

T
~a
T


BBN
=

g

(1MeV)
g

(minfT
R
; T
D
g)

1=3
=

10:75
228:75

1=3
: (5.1)
Therefore, the axinos ontribute muh less to the energy density at T  1MeV than one
light neutrino speies,


~a



BBN
=

10:75
228:75

4=3
 0:017 : (5.2)
Suh a small inrease of the energy density at the time of primordial nuleosynthesis is
onsistent with the observed abundane of the light elements.
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More model dependent are the nuleosynthesis onstraints onerning the potential
destrution of the light primordial elements by photons or hadroni showers from late
deays of the NLSP into axinos. Here the onstraints depend very muh on the properties
of the NLSP, i.e. its omposition, its mass relative to the axino massm
~a
, and its oupling to
the axino. The situations in whih the NLSP mass is lose to the axino mass m
~a
and/or in
whih the oupling to the axino is partiularly small are most dangerous sine this dereases
the width of the orresponding deay. If the deays our during or after primordial
nuleosynthesis, the photons or hadroni showers aompanying the axino an destroy
eÆiently the produed light elements. With the axino being the LSP, two attrative
andidates for the NLSP are a bino-dominated lightest neutralino  and the lighter stau ~ .
In the ase of a bino-dominated lightest neutralino  NLSP, the deays  ! ~a,  !
~a

! ~aqq, and  ! ~aZ=Z

! ~aqq provide photons and hadroni showers, whih ould
destroy the light elements. In the ase of a lighter stau ~ NLSP, the deays ~ ! ~a !
~aqq
0


and ~ ! ~a=Z ! ~aqq
0


=Z are potentially dangerous. As the real photons will
thermalize on the bakground eletrons, positrons, and photons (inluding those in the
high-energy tail of the osmi bakground radiation), the deay lifetime into photons an
be as large as 10
4
seonds without being problemati. Therefore, the onstraints from
deays into hadroni showers are more severe. Both NLSP senarios have been studied
arefully in [18, 14, 11℄, where expliit expressions for the orresponding deay widths an
be found. Beause of the dependene on several unknown quantities, we will not go into
more details but emphasize that additional bounds on the axino mass might arise from these
nuleosynthesis onstraints. As the axino interations are not as strongly suppressed as the
gravitino interations (f
a
=N  M
Pl
), the axino LSP anyhow is far less problemati than
the gravitino LSP with respet to these nuleosynthesis onstraints. Indeed, a low-energy
spetrum, in whih the axino is the LSP and the gravitino the NLSP, has been suggested as
a solution [12℄ to the gravitino problem [13℄, i.e. to avoid osmologially dangerous deays.
We assume from now on that the nuleosynthesis onstraints are satised for any
value of the axino mass up to 100MeV. Thermally produed axinos then provide the
dominant part of dark matter for the ombinations of the axino mass m
~a
and the reheating
temperature T
R
indiated by the grey band in Fig. 6. For the m
~a
{T
R
ombinations within
this grey band, the reli axino density (obtained for f
a
=N = 10
11
GeV) agrees with the
WMAP result (2 errors) on the old dark matter density. In the senario in whih axinos
are the dominant part of dark matter, the WMAP result allows us to extrat upper limits
on the reheating temperature as a funtion of the axino mass. Note that these limits are
relaxed by one order of magnitude with respet to the limits found in the investigation of
Covi et al. [14℄, where a similar urve has been obtained with the onstraint 

~a
h
2
< 1.
This dierene results from our omputation of the thermal prodution rate, in whih we
have used the Braaten-Yuan presription with the HTL-resummed gluon propagator as
opposed to the pragmati uto proedure used in [14℄. For T
R
& 10
9
GeV, the axinos
have been in thermal equilibrium with the primordial plasma. As already disussed in
the previous setion, the resulting reli axino density (4.7) is ompletely determined by
m
~a
and independent of T
R
. The agreement with the WMAP result is ahieved for any
T
R
& 10
9
GeV as long as m
~a
 0:2 keV, whih is the updated version of the Rajagopal-
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Figure 6: Constraints for axino dark matter from thermal prodution in the early Universe. For the
ombinations of the axino massm
~a
and the reheating temperature T
R
within grey band, the density
parameter of thermally produed axinos 

~a
h
2
(obtained for f
a
=N = 10
11
GeV) agrees with the
WMAP result on the old dark matter density (2 errors) [9℄ 
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h
2
= 0:113
+0:016
 0:018
. We refer to
hot, warm, and old axino dark matter for m
~a
. 1 keV, 1 keV . m
~a
. 100 keV, and m
~a
& 100 keV,
respetively. For T
R
& 10
9
GeV, the axinos have been in thermal equilibrium with the primordial
plasma so that the reli axino density is independent of T
R
. For axinos with m
~a
. 10 keV, whih
annot explain the struture formation needed for the observed early reionization [47℄, the WMAP
result provides a onservative upper bound on the reheating temperature T
R
.
Turner-Wilzek bound [16, 14℄. Sine the more severe upper bounds on the amount of hot
and warm dark matter in the Universe are still ontroversial, we have extended the bound
from WMAP as a onservative upper limit also to the regions of warm and hot axino dark
matter.
Let us suggest two senarios to illustrate the possible signiane of the upper limits
on the reheating temperature T
R
. (i) If axinos provide the density of old dark matter
observed by WMAP, the reheating temperature after ination must have been relatively
small, T
R
. 10
6
GeV. Suh a low reheating temperature exludes some models for ina-
tion. Moreover, the baryon asymmetry in the Universe has to be explained by a mehanism
working eÆiently already at relatively small temperatures. (ii) If the baryon asymmetry
{ 23 {
in the Universe is generated by thermal leptogenesis [27℄, whih requires reheating temper-
atures of T
R
& 10
9
GeV, axinos an only be hot dark matter. The old dark matter and
large-sale-struture formation ould then be explained by the axion as suggested in [34℄.
The gravitino problem, whih one faes for suh high reheating temperatures, an be solved
as deays of the gravitino into an axion and an axino are possible [12℄.
6. Conlusion and Outlook
If supersymmetry is realized in nature and the strong CP problem is solved by the Peei-
Quinn mehanism, the axino should exist as the fermioni superpartner of the axion. As the
interations of the eletrially and olor neutral axion supermultiplet are suppressed by the
PQ sale f
a
=N & 5 10
9
GeV, the axino ouples only very weakly to the MSSM partiles.
If the axino is the lightest supersymmetri partile and if R-parity is onserved, axinos will
be stable and exist as dark matter in our Universe. Then, depending on the axino mass
m
~a
and the temperature of the primordial plasma, axinos ould play an important role in
the osmos. In partiular, they ould provide the dominant part of old dark matter.
We have studied the thermal prodution of axinos in the early Universe. Assuming
that ination has governed the earliest moments of the Universe, any initial population of
axinos has been diluted away by the exponential expansion during the slow-roll phase. The
thermal prodution of axinos starts then after ompletion of the reheating phase at the
reheating temperature T
R
. We have restrited our investigation to T
R
& 10
4
GeV, where
axino prodution from deays of partiles out of equilibrium is negligible.
We have omputed the thermal prodution rate of axinos with E & T in SUSY QCD
to leading order in the gauge oupling. Using the Braaten-Yuan presription and the HTL-
resummed gluon propagator, we have obtained a nite result in a gauge-invariant way,
whih takes into aount Debye sreening in the hot QGSGP. In partiular, the derived
axino prodution rate depends logarithmially on the supersymmetri gluon plasma mass,
whih regularizes the infrared divergene ourring in leading order. An important question
onerns the size of higher-order orretions. Our omputation relies on the separation of
sales gT  T valid only in the weak oupling limit g  1. Sine g(T =10
6
GeV) = 0:986
and g(T =10
9
GeV) = 0:880 aording to the 1-loop running of the strong oupling in the
MSSM, the obtained rate is most reliable for temperatures of T & 10
9
, while higher-order
orretions might beome sizable for temperatures of T . 10
6
GeV. The development of a
framework, whih allows us to ompute reliably thermal prodution rates also for g & 1,
is a hard oneptual problem of utmost importane, in partiular, for quark-gluon plasma
physis. The omputation of the thermal prodution rate for axinos with E . T is another
non-trivial future task. At present, the result on the thermal axino prodution rate given
in this work supersedes previous estimates sine it does not depend on ad ho utos used
to regularize the infrared divergene in earlier studies [14℄.
Based on our alulation of the thermal axino prodution rate, we have disussed
quantitatively the role of the axino in osmology. For a reheating temperature T
R
below the
axino deoupling temperature T
D
of about 10
9
GeV, the axinos have never been in thermal
equilibrium. Then, with our restrition to T
R
& 10
4
GeV, the reli axino abundane is
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governed by the thermal axino prodution in reations of olored (SUSY QCD) partiles in
the primordial MSSM plasma. The evolution of the axino number density is desribed by
the Boltzmann equation with the orresponding ollision term. With axino disappearane
proesses being negligible, we have omputed this ollision term by integrating our result for
the thermal axino prodution rate. By solving the resulting Boltzmann equation, we have
obtained the reli axino density 

~a
h
2
, whih depends on the axino mass, the PQ sale, and
the reheating temperature. For ertain ombinations of these quantities, the derived reli
axino density indeed agrees with the WMAP result on the abundane of old dark matter,


~a
h
2
 

WMAP
CDM
h
2
. For example, for f
a
=N = 10
11
GeV, this agreement is ahieved with
m
~a
= 100 keV and T
R
 10
6
GeV. Although relatively light for being old dark matter,
axinos with a mass of m
~a
= 100 keV ould still explain large-sale-struture formation, the
orresponding power spetrum, and the early reionization observed by WMAP. For larger
axino masses, the mathing with the WMAP result does restrit the reheating temperature
to lower values. Already a reheating temperature of T
R
 10
6
GeV is relatively small
and exludes some models for ination and baryogenesis suh as thermal leptogenesis.
Nevertheless, there are several baryogenesis senarios|suh as EW baryogenesis within
SUSY (f. [48℄ and referenes therein) and leptogenesis via inaton deay or right-handed
sneutrino ondensation (f. [49, 50℄ and referenes therein)|whih an explain the baryon
asymmetry in the Universe for a reheating temperature as low as 10
6
GeV. The gravitino
problem an be avoided for T
R
 10
6
GeV. Thus, the above ombination illustrates that
axinos might very well provide the dominant part of old dark matter.
We should emphasize that our results for the reli axino abundane are an order of
magnitude below the ones reported in Ref. [14℄. Therefore, the reheating temperature, at
whih the axino density agrees with the WMAP result on the old dark matter density,
has inreased by one order of magnitude for xed values of f
a
=N and m
~a
. This eet is
due to our omputation of the thermal axino prodution rate, whih is based on the HTL-
resummation tehnique as opposed to the more pragmati uto proedure used in [14℄.
For a reheating temperature above the temperature T
D
 10
9
GeV at whih the ax-
inos deouple from the thermal bath, axinos have been in thermal equilibrium with the
primordial plasma. The resulting reli axino abundane, 

eq
~a
h
2
 0:5m
~a
=keV, is indepen-
dent of the reheating temperature and the PQ sale. With the upper limit on the axino
density parameter given by the WMAP result on the reli abundane of old dark matter,
one nds m
~a
. 0:2 keV. Aordingly, axinos are too light for being old dark matter. As
warm or hot dark matter, they alone annot explain the formation and power-spetrum of
osmi large-sale strutures and, in partiular, the early reionization observed by WMAP.
Nevertheless, even suh a light axino an have important osmologial impliations. By
destabilizing the other R-odd partiles inluding the gravitino, the light axino provides a
solution to the gravitino problem so that a high reheating temperature of T
R
& 10
9
GeV
is no longer problemati [12℄. Thus, with the light axino being the LSP, thermal leptoge-
nesis [27℄ an oexist with SUSY and explain the baryon asymmetry in the Universe. In
addition, the axion ould provide the dominant part of old dark matter [34℄.
In the senarios disussed above, we have assumed that the properties of the NLSP are
suh that its deays do not aet the abundane of primordial light elements. However,
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depending on the omposition, the mass, and the ouplings of the NLSP, this nuleosyn-
thesis onstraint ould indue additional limits possibly exluding the disussed senarios.
To larify this issue, experimental insights into the spetrum of superpartiles are ruial.
Another intriguing question is whether the axino itself ould ever be deteted and
identied despite of its extremely weak oupling to the MSSM partiles. With a stable
axino LSP, the NLSP will appear as a stable superpartile in most ollider experiments.
The deay of the NLSP into axinos will usually take plae far outside of the detetor and
thus will be hard to observe. Nevertheless, for the stable gravitino LSP senario, it has
been demonstrated reently that the gravitino ould be identied unambiguously provided
the NLSP is a harged slepton suh as the lighter stau [51℄. This proposal an be arried
over to the axino LSP senario. One would ideally produe the harged NLSP sleptons
in an e
+
e
 
ollider suh that they stop within the detetor. These stopped sleptons will
deay into axinos and leptons within the detetor at muh later times. Although the axino
ouplings are muh more model dependent than the ones of the gravitino, the analysis of
suh deays ould verify the existene of the axino as the stable LSP. Independently of
this very spei senario, the determination of the axino mass will be ruial to deide if
axinos are present as old dark matter in our Universe.
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A. Eetive HTL-resummed gluon propagator
In ovariant gauge, the HTL-resummed gluon propagator has the form [41, 42, 43℄
i

(K) = i (A


T
+B


L
+ C

) ; (A.1)
with the tensors
A

=  g

 
1
k
2

K
2
v

v

 K  v(K

v

+K

v

) +K

K


;
B

= v

v

 
K  v
K
2
(K

v

+K

v

) +

K  v
K
2

2
K

K

;
C

=
K

K

(K
2
)
2
; (A.2)
and the transverse (T ) and longitudinal (L) propagators

T
(k
0
; k) =
1
k
2
0
  k
2
 
T
(k
0
; k)
;

L
(k
0
; k) =
1
k
2
 
L
(k
0
; k)
: (A.3)
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Here K = (k
0
;k) with k
0
= i2nT and k = jkj,  is a gauge-xing parameter, v is the
veloity of the thermal bath and 
T=L
are the transverse (T ) and longitudinal (L) self-
energies of the gluon. The spetral representation of the propagators 
T=L
reads

T=L
(k
0
; k) =
Z
1
 1
d!
1
k
0
  !

L=T
(!; k) (A.4)
with spetral densities given in (3.27) and (3.28) in the main text.
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Equation (3.18) has to be replaed by
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The dierene between Eqs. (3.18) and (E.1) is a non-vanishing surfae term in the BFB
ase whih was overlooked in [1℄. Aordingly, the numbers in the logarithm of the ollision
term (4.12) and in the logarithm of the yield (4.15) and the reli density (4.16) hange
from 1.380 to 1.647 and from 1.108 to 1.211, respetively. The orreted expressions are
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Using the running oupling (3.31) to evaluate g = g(T
R
), the axino abundane desribed
by (E.3) and (E.4) exeeds the one desribed by (4.15) and (4.16) by fators of 1.4, 1.8,
and 4.8 for T
R
= 10
9
, 10
6
, and 10
4
GeV, respetively. The qualitative ndings of [1℄ are
not aeted and all gures exept for Fig. 3 hange only mildly in the region in whih
the applied methods are most reliable, i.e., for T  10
4
GeV. The orreted Fig. 3 is
shown below with numberings and aptions adopted from [1℄. The two sentenes after
(3.32) have to be modied aordingly: \This quantity is positive down to temperatures
of about 100 GeV. At T = 10
6
GeV (10
4
GeV), the ontribution to  
~a
from axino energies
that give an unphysial rate is about 0.6% (17%), i.e. hard axinos dominate." Note also
that there is a typographial error in (3.12): jM
3
j
3
should read jM
3
j
2
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Figure 3: The normalized thermal axino prodution rate 1= 
~a
d 
~a
=d(E=T ) as a funtion
of E=T for N

= 3, n
f
= 6, and temperatures of T = 10
6
GeV (dotted line), T = 10
7
GeV
(dash-dotted line), T = 10
8
GeV (dashed line), and T = 10
9
GeV (solid line). The results
are obtained from (3.30) derived for axino energies E & T .
Aknowledgements
We thank Josef Pradler for notiing the error in the alulation of thermal gravitino
prodution, whih was adopted in our alulation of thermal axino prodution.
Referenes
[1℄ A. Brandenburg and F. D. Steen, JCAP 0408 (2004) 008 [arXiv:hep-ph/0405158℄.
2
